Results of shock-dispersed-fuel (SDF) explosion experiments will be presented. The SDF charge consisted of a spherical 0.5-g PETN booster surrounded by 1-g of fuel: either flake Aluminum (Al) powder or TNT. The charge was placed at the center of a sealed chamber. Three cylindrical chambers (volumes of 6.6, 20 and 40 liters with L/D = 1) and three tunnels (L/D = 3.8, 4.65 and 12.5) were used to explore the influence of chamber volume and geometry on completeness of combustion. Detonation of the SDF charge created an expanding cloud of explosion product gases and hot fuel (Al or TNT). When this fuel mixed with air, it formed a turbulent combustion cloud that consumed the fuel, and liberated additional energy (31 kJ/g for Al or 15 kJ/g for TNT) over and above detonation of the booster (6 kJ/g) that created the explosion. Static pressure gauges were the main diagnostic. Pressure and impulse histories for explosions in air were much greater than those recorded for explosions in nitrogen-thereby demonstrating that combustion has a dramatic effect on the chamber pressure. This effect increases as the confinement volume decreases and the excess air ratio approaches 2 to 3.5. ___________________________________________________________________________________
Introduction
Explored here are combustion effects occurring in confined explosions. For typical condensed explosives, the detonation wave in charge transforms the solid explosive into gaseous detonation products that are rich in carbon solid, carbon monoxide and hydrogen. These components can serve as a fuel that reacts when mixed with air via a turbulent combustion process. Combustion causes a dramatic increase in pressure in a confined explosion, thus pressure measurements and their associated impulses are used here as the main diagnostics to sense such combustion effects.
Ornellas measured the heat and products of detonation for 46 different explosives in a 5.3-liter spherical bomb calorimeter [1] . TNT illustrates this combustion effect most dramatically. For example, 25-gram TNT charges were detonated in vacuum conditions; an "explosion energy" of 1,093 ± 11 cal/g was measured by the normal calorimetric method (temperature increase of a water bath). This value is in good agreement with heat of detonation (1,133 cal/g) as predicted by the thermodynamic equilibrium code Cheetah [2] . In companion experiments, 25-g TNT charges were detonated in a pressurized oxygen atmosphere (2.46 bars). An explosion energy of 3,575 ± 35 cal/g was measured; this value is in good agreement with the "heat of combustion" for TNT in air (3,594 cal/g) as predicted by the Cheetah code. While these tests experimentally confirmed the heats of detonation and combustion of many explosives, they did not provide any information on the temporal evolution of the explosion energy.
To remedy this situation, we previously studied afterburning of TNT detonation products in air on a larger scale: 1-kg cylindrical TNT charges were detonated in a 16-m 3 cylindrical chamber [3] . Pressure histories for explosions in air were much larger than those measured for explosions in nitrogen-thereby demonstrating a strong combustion effect. Gasdynamic aspects of this combustion process have been studied via numerical simulations [4] . The corresponding combustion locus in thermodynamic state space has been found by Kuhl [5] . The gas-dynamic model [4] has been extended to model two-phase combustion effects associated with Al-SDF explosions [6, 7, 8] . The two-phase model takes into account two global reactions: combustion of Al particles with air, and afterburning of PETN detonation products gases with air. Computed pressure histories were in good agreement with measured pressure records-thereby proving that the twophase model adequately describes the confined combustion process for this strongly over-driven system.
Reported here are the results of parametric laboratory experiments performed with 1.5-gram Shock-Dispersed-Fuel (SDF) charges. Both TNT and Aluminum (Al) powder were used as fuels. A booster charge is used to disperse the fuel in air (or nitrogen), ignite it, and induce an exothermic energy release via a turbulent combustion process [9, 10] . Previous studies have shown that the combustion completeness depends on both the chamber volume and geometry [11, 12] so six different chambers were employed. We refer to them as barometric calorimeters since we use pressure measurements to diagnose the energy evolution in the explosion. Experiments with TNT-SDF charges illustrate afterburning of TNT in air, while experiments with Al-SDF charges demonstrate the pressure effects of Aluminumair combustion. Previous studies [13, 14] compared waveforms measured in TNT explosions in air and nitrogen with each other, and Al-SDF explosions in air and nitrogen with each other-to demonstrate the combustion effect. Here we will compare waveforms for Al-SDF explosions with TNT explosions to demonstrate that they produce similar impulses-even though the heat of combustion of Al-air is twice that of TNT-air. Mean chamber pressures will be deduced from fits to impulse histories. We will show how the mean chamber pressure scales as a function of chamber volume and geometry (L/D). And the mass fraction of Products produced by combustion will be plotted versus excess air ratio, to demonstrate how these effects scale to other conditions.
Experiments
Experiments were conducted in 6.6-, 21.2-and 40.5-liter cylindrical calorimeters ( Fig. 1 ) and calorimetric tunnels with L/D=4.65, 12.5 and 3.9 (Fig. 2) ; dimensions are given in figure captions. The SDF charge construction is shown in Fig. 3 . It begins with a 0.5-g spherical PETN booster (initial density of 1 g/cc). The booster is surrounded by fuel. For the composite charge, the fuel consists of 1.0-g spherical shell of TNT (initial density of 1.0 g/cc). For the Al-SDF charge, the booster is surrounded by a thin paper cylinder, and the void space is filled with 1.0-g of flake Aluminum (initial bulk density of 0.63 g/cc). SEM photographs of the Al powder indicate a flake-like structure of characteristic dimension 100 microns and a thickness of 1 micron (Fig. 4) . According to the manufacturer (Merk, AG) the Al content of the powder was more than 93% by mass. The booster is detonated by an exploding bridge wire located at the charge center (e.g., see Fig. 3a ). Detonation of the booster created an expanding fuel cloud of explosion products gases and hot aluminum particles (or TNT detonation products gases). When this fuel mixed with air, it formed a turbulent combustion cloud that consumed the aluminum (or TNT products), and liberated 31 kJ/g (or 14.5 kJ/g for TNT) of energy in addition to the energy of the booster that created the explosion.
Explosions in a nitrogen atmosphere (which eliminates oxidation) allow one to confirm the heat of detonation of the charge, while explosions in an air atmosphere allow one to study the dynamics of afterburning and combustion in a confined explosion. The SDF charge was placed at the center of the chamber. The main diagnostic consisted of 8 piezo-electric crystal pressure gages (Kistler 603B); their fast response was needed to capture the shock front details. For calorimeters they were located at 5 and 7.5 cm radii on the lid of the vessel; for tunnels, gauges (labeled G1-G12) were located on the side-wall and end-wall of the tunnel. Flame temperatures of 4,000 K are possible for Al-air combustion cases. So gages based on a different measurement principle-the piezo-resistive effect (Kistler 4075A) were also used. While they have rise time that is too slow to measure the shock front accurately, they have no thermal drift, and a useful for measuring pressures in high-temperature environment for long times. All gages were recessed by 0.1 mm and filled with a silicon rubber for thermal protection. Figure 5 presents a comparison of pressure histories measured in chambers A-F. Red curves denote results from 1.5-g Al-SDF explosions in air; black curves represent measurements for 1.5-g composite TNT explosions in air; and blue curves correspond to 1.5-g composite TNT explosions in nitrogen. Pressure enhancement (i.e., the red and black curves versus the blue curves) is a consequence of combustion of the explosion products gases with air. This combustion effect depends on chamber volume and on the chamber geometry. This effect is most pronounced in smaller chambers (A and F), where the confinement enhances the conditions required for sustained combustion. Figure 6 depicts the impulse histories corresponding to the measured pressure histories of Fig. 5 . They were calculated according to the standard definition: The impulse histories show this combustion effect more quantitatively than the pressure histories. Impulses for confined explosions in air are 2-3 times larger than those for explosions in nitrogen.
Results
I k (t) = p k (t')dt
Discussion
The impulse histories of Fig. 6 were fit with linear functions of time: I k (t) = a k + p k t . Note that the slope p k represents the late-time mean chamber pressure. These values are presented in Fig. 7 as a function of chamber volume. In the following analysis, the average atmospheric conditions ( p a = 0.9777 bars, T a = 291 K) of the Ernst Mach laboratory were used. The measured values (closed symbols and dashed lines) are compared with thermodynamic predictions of Constant-Volume-Explosions, CVE, (open symbols and solid lines) based on the Cheetah code [2] . If all the fuel were consumed by combustion with air, then the closed symbols would coincide with the open systems. Such is not the case; actual fuel consumption will be quantified below (Fig. 9) . Nevertheless, mean chamber pressures are considerably larger than those measured for TNT in Nitrogen (lower curve).
Mean chamber over-pressures and CVE predictions are presented in Fig. 8 as a function of tunnel L/D (notation is the same as in Fig. 7 ). This figure shows that combustion completeness decreases with increasing L/D at constant volume (V = 6.3 liters). Nevertheless, mean chamber pressures are considerably larger than those measured for TNT in Nitrogen (lower curve)-even at L /D = 12.5.
From the thermodynamic model of combustion in explosions [5] , one can show the mean chamber pressure depends linearly on the mass fraction of combustion Products: Y p according to the relation: Fig. 9 as a function of excess air ratio:
. It shows that for a wide range of stoichiometries (1 < < 14 ), combustion consumes from 50-90% of the fuel and transforms it into Products whose presence can be measured with pressure gages. Products production reaches a maximum under lean conditions: for Al-air, it occurs at Al = 2 , while for TNT-air it occurs at TNT = 3.5 (see the lognormal fits in the figure caption).
An isobaric scaling law was proposed: chamber over-pressures agreed within 3.4±4 %. Next 1.5-g and 3-g Al-SDF charges were detonated in the 21.2-liter and 40.5-liter calorimeters; mean chamber over-pressures agreed with 10±7 %. Similar agreement (10±4 %) was found for 3-g and 6-g Al-SDF charges. The isobaric scaling = 1 is valid within 10±7 %, over the range of conditions tested.
We have considered other moreenergetic materials (e.g., polyethylene, magnesium boride, aluminum hydride and zirconium) that might serve as fuels for SDF explosions. Although they have heats of combustion from 7-10 kCal /g F , they typically have lower adiabatic flame temperatures than Al-air systems (except for Zirconium: T ad = 4,300 K ). This is because they require more air (i.e., have larger stoichiometric air-fuel ratios, s ) than Al-air (except for Zirconium with s = 1.6). The Al-air system seems to maximize the combustion effect, for fuels considered.
Conclusions
Experiments with 1.5-g SDF charges have been conducted in six different chambers. Pressure and impulse histories for explosions in air were significantly larger than those in nitrogen-thereby demonstrating a strong combustion effect. In four out of the six cases, Al-SDF charges and TNT composite charges gave similar impulse enhancements due to combustion. This effect decreased with increasing chamber volume and L/D (presumably due to quenching). Combustion completeness (i.e., mass fraction of Products) reached a maximum of Y P,c = 88% when the excess air ratio was between 2 and 3.5. An isobaric scaling law: E 2 V 1 / E 1 V 2 was shown to be valid within 10±7 %, over the range of conditions tested. 
